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Edited by Ulf-Ingo Flu¨ggeAbstract A 42 kDa chitin-binding proline-rich protein (PRP)
from French bean has been previously characterised through its
involvement in plant–pathogen interactions. It is located at the
plasmalemma-wall interface, intercellular spaces and binds to
the pathogenColletotrichum lindemuthianum in vitro and in plan-
ta. It is also present in cell wall appositions formed in response to
an hrpmutant ofXanthomonas campestris. We now show that the
42 kDa protein is composed of two components, a 25 kDa poly-
peptide member of the PRP family of legumes and a 6.8 kDa cys-
teine-rich peptide with high similarity to snakin-2 from potato.
Snakins bind to pathogens and are antimicrobial. Molecular clon-
ing of the longest PRP corresponding to the N-terminal sequence
of the puriﬁed protein and the 6.8 kDa component is reported.
The cognate mRNAs show coordinate expression. The two-com-
ponent protein complex has already been shown to be involved in
binding and immobilising pathogens through oxidative cross-link-
ing of the PRP components but could also function as a two-com-
ponent chitin-receptor involved in plant–pathogen interactions
through antimicrobial activity and/or signalling.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Many potential pathogens of plants have chitinaceous extra-
cellular matrices and therefore recognition systems have
evolved for the perception of chitin oligomers as elicitor mole-
cules [1]. Plant cell walls are often rich in chitinases, which could
generate such fragments of chitin. In addition, many other
extracellular chitin-binding proteins exist including lectins,
some of which have been shown to be antimicrobial such as that
from potato [2] and other examples of low molecular weight
(cysteine-rich) peptides [3,4]. However, despite the characterisa-
tion of these chitin-interacting proteins, there has been no clear
identiﬁcation of a receptor involved in mediating a downstream
cascade leading to a defence response despite indications forAbbreviations: FBCBP, French bean chitin-binding protein; PRP,
proline-rich protein; RP, reverse phase; SEC, size exclusion chroma-
tography; TFA, triﬂuoroacetic acid
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doi:10.1016/j.febslet.2006.01.079putative speciﬁc chitin receptors [5,6]. In contrast, receptors
for the second type of fungal cell wall derived oligosaccharides,
the b-glucans, have been identiﬁed and cloned [7,8].
We have been studying an extracellular protein from French
bean that was ﬁrst isolated by its binding capacity towards chi-
tin [9,10]. Subsequently, it could be shown to bind to the grow-
ing hyphal tips of the obligate biotroph, Colletotrichum
lindemuthianum, in culture [11] and in the infected plant [12]
and is present in cell wall appositions produced in response
to hrpA mutants of Xanthomonas campestris [13]. The protein
is subject to oxidative cross-linking in vitro [14,15] and at
infection sites [12,13]. The protein was characterised by an
N-terminal domain typical of proline-rich proteins (PRPs)
from legumes and amino acid analysis showed the presence
of a high level of cysteine, which is characteristic of chitin-
binding proteins [11]. The isolated protein was shown to bind
to chitin with an average KL of 4.0 nM which was similar to
the binding constant KL 4.2 nM of suspension cultured cells
[16,17]. However, further analysis and molecular cloning was
diﬃcult because it was completely intractable to protease
digestion [16] and therefore no internal sequence could be ob-
tained to allow study of the domain structure in its entirety,
although it was assumed to be a hybrid protein similar to other
chitin-binding hydroxyproline rich glycoproteins from solana-
ceous species such as potato lectins with a cysteine-rich domain
and a highly glycosylated hydroxyproline rich domain
[2,18,19]. Attempts to isolate a cDNA corresponding to the
N-terminus gave numerous related clones with the correct re-
peat sequence of variable length but with no in-frame cys-
teine-rich domain and this was attributed to cloning artefacts
common to such highly repetitive DNA sequences and G-C
rich domains [16,17]. We now reveal that the French bean chi-
tin-binding protein (FBCBP) is not a hybrid but a tightly
bound two-component system that requires disruptive condi-
tions to separate them. The chitin-binding protein consists of
a proline-rich polypeptide and a cysteine-rich peptide with
amino acid similarity to snakin-2 from potato [20,21]. Snakins
bind to pathogens, are antimicrobial and contain 12 highly
conserved cysteines.2. Materials and methods
2.1. Plant material
French bean cell cultures were maintained and elicited as described
[22]. French bean seeds (Phaseolus vulgaris var The Prince) were sown
in trays containing sterilised vermiculite and kept moist in a 24 Cblished by Elsevier B.V. All rights reserved.
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was collected after 7 days (hook shaped, young hypocotyls), and 14
days (two developing leaves, old hypocotyls) post-sowing. Leaves were
collected from 14 day old plants.2.2. Isolation and separation of FBCBP into two components
Puriﬁed FBCBP from the medium of French bean cells [11] was ana-
lysed by SEC-MS for the native oxidised sample and RP-MS for the
reduced sample. SEC-MS and RP-MS were as described [23]. Mobile
phases for RP were 0.1% triﬂuoroacetic acid (TFA) in water (A) and
0.05% TFA in acetonitrile/isopropanol (1/1, v/v). For SEC-MS of
the native sample, 10 lL FBCBP in water was acidiﬁed with 90 lL
of 90% formic acid prior to immediate injection into the mobile phase
of chloroform/methanol/1% aqueous formic acid (4/4/1, v/v). For RP-
MS a 10 lL sample of FBCBP was dried by centrifugal evaporation
under vacuum prior to dissolution in 6 M guanidine hydrochloride,
1 M dithiothreitol for 15 min at room temperature prior to injection.
Electrospray-ionisation mass spectrometry was performed using a
triple quadrupole instrument (API III, PE Sciex) as described [24].
Molecular masses of proteins were calculated using Hypermass (PE
Sciex) and zero-charge reconstructions generated using BioMultiView
(PE Sciex).
Edman sequencing of N-termini was carried out on an ABI 477A
protein sequencer on either fractions following RP or after blotting
onto PVDF membrane.2.3. RNA manipulation and cDNA libraries
Total RNAs were extracted from cultured cells and plant tissues
according to [25]. Reverse transcription reactions were described in
[26], except that the oligo-dT17 was replaced with RIROdT17V (GAC-
TACGTTAGCATCTAGAATTCTCGAGT17V). A kZAPII phage
library (Stratagene) was prepared from elicited bean cells [16].
2.4. Molecular cloning of cysteine-rich polypeptide
The cognate cDNA of the 6.8 kDa bean cysteine-rich polypeptide
was reverse transcribed from a mix of bean RNAs (mix from leaves,
hypocotyls young and old, and elicited cells). Degenerate primers were
designed from the Edman sequence of the N-terminus of the mature
protein (LQQIDCNGACGARCRLSSRPNLCIRXXG): Primers
6.8KF2 from LQQIDCNG and 6.8KF3 designed from DCNGACGA
and the universal primers in the 3 0 (RIRO) (3 0 CTCGAGAATTCTA-
GATGCTAACGTAGTCA 5 0) were used. The ﬁrst run of PCR was
with 6.8KF2 and RIRO primers with 35 cycles of (94 C, 40 s/46 C,
40 s/72 C, 40 s) followed by a similar second round of PCR with
6.8KF3 and RIRO primers but the annealing temperature was in-
creased to 54 C. The ampliﬁed product was then ligated into pGEMT
easy vector (Promega) and sequenced. Attempts to amplify the 5 0 end
of the cognate cDNA of the 6.8 kDa bean cysteine-rich polypeptide
using the kZAPII phage library as template with T3 or M13R univer-
sal primers and reverse primers based on the sequence information of
the 3 0 end of the cDNA were not successful probably due to the puta-
tive small size of the amplicons.2.5. Expression of mRNA
Northern blotting was performed according to [26]. Ten micrograms
of RNAs were separated on a 1.5% agarose gel containing formalde-
hyde [27] and transferred on Nylon N membrane (Amersham Phar-
macia Biotech) according to the manufacturer. Probes were generated
by PCR ampliﬁcation and labelled with the High Prime Kit (Roche).
Dot blots with 0.1 pg to 1 ng 10· serial dilution of the corresponding
plasmid were used to estimate signal intensities. Hybridisation was pre-
viously described [26]. Membranes were washed twice 2· SSC, 0.1%
SDS followed by two washes in 0.5· SSC, 0.1% SDS at 65 C.3. Results
3.1. Separation of FBCBP into two components and mass
spectral analysis
The FBCBP can be puriﬁed from cell culture medium or
from CaCl2 washes of the intact cultured cells [11]. It is uniquewithin these subfractions of proteins in that it is soluble in 10%
trichloroacetic acid, which allows ease of puriﬁcation while
maintaining its chitin-binding properties. Edman sequencing
identiﬁed the major sequence beginning NYDKPOVEKPO-
VYK as belonging to the family of PRPs from legumes
[11,12]. However, there was always a second sequence present
(LQQIDCNGACGARXRLSSRPNLXXR), the signiﬁcance
of which was unknown at that time since no other proteins
were observed on SDS–PAGE and the single band of
42 kDa observed had the NYDKP sequence [11]. To elucidate
the signiﬁcance of the sequence information, the preparation
has now subjected to liquid chromatography electrospray-ioni-
sation mass spectrometry (LC–MS) using a suite of techniques
that was originally developed for integral membrane proteins
which required development of disruptive conditions to allow
their separation [24]. Both size-exclusion chromatography
(SEC-MS; Fig. 1) and reverse-phase chromatography (RP-
MS; Fig. 2) separated a 25 kDa protein and revealed a second
6.8 kDa protein component. Edman sequencing of the individ-
ual separated proteins conﬁrmed the larger protein was the
proline-rich component, for which the N-terminal sequence,
NYDKPOVYKPOVEKPOVYKPOVEKPOVYKPOVEK, was
conﬁrmed and the smaller one was responsible for the LQQID
sequence. The masses measured 25393.5 and 6832.9 Da by
SEC-MS (without sample reduction) and 25395.8 and
6846.3 Da by RP-MS after reduction. ESI-MS under these
conditions achieves mass accuracy of 0.01% (±2.5 Da at
25 kDa) and thus the increase in mass of the 6832.9 Da protein
to 6846.3 Da upon reduction is in the range 12.0–14.8 Da con-
sistent with reduction of 6 or 7 disulﬁde bonds (12–14 Cys).
Alkylation of the reduced 6846 Da species using iodoaceta-
mide produced a heterogenous mass spectrum using MAL-
DI-TOF consistent with multiple thiols (not shown). Based
upon the sequence of the 6.8 kDa protein reported here, the
mass of the reduced protein is calculated to be 6827.9 and low-
ered to 6816 Da after oxidation to form 6 disulﬁde bonds, leav-
ing a diﬀerence of 18 Da that we have so far been unable to
account for. Oxidation of the single Met residue (+16 Da) is
a strong candidate given the resistance of the protein to cyan-
ogen bromide treatment. To date we have been unsuccessful in
obtaining internal sequence from the 6.8 kDa protein due to its
resistance to digestion with proteases such as trypsin. Never-
theless the mass spectrometric analysis of the 42 kDa protein
revealing associated components of 25 and 6.8 kDa remains
compelling. The 6.8 kDa polypeptide was apparently not ob-
served on SDS–PAGE because it did not stain with Coomassie
blue or silver.3.2. Matching the 25 kDa component to cDNA clones for French
bean PRPs
Although a number of cDNA clones have been obtained
from French bean [16,17], which contain the repeat sequence
of the cognate 25 kDa PRP when translated, they diﬀer at the
C-terminus (data not shown). A number of others isolated in
the further study reported here, while having high sequence
similarity to PRPs, lack the N-terminus sequence NYDKPP-
VEK of 25 KDa component, and may contain cloning arte-
facts due to the repetitive nature of the DNA sequences
(data not shown). In comparison, two partial sequences for
bean PRPs have also been reported one of which codes for
the PPVEKPPVYK repeat sequence but lacks a 5 0 coding
Fig. 1. LC–MS of the two-component chitin-binding protein from French bean. After solubilisation in 90% formic acid the 25 kDa and the 6.8 kDa
components were separated by SEC with online electrospray-ionisation mass spectrometry. The total ion chromatogram (TIC; upper panel) shows
the regions corresponding to elution of the 6.8 kDa (A) and the 25 kDa (B) species. The mass spectrum of the 6.8 kDa species (2nd panel; MS A) and
the 25 kDa species (4th panel; MS B) and their respective zero-charge molecular mass proﬁles (3rd and 4th panels) reveal molecular masses of 6832.9
and 25393.5 Da for the native, oxidised protein species.
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sign any translated sequence on the basis of molecular mass
since it would require complete protein sequencing to deter-
mine the exact number of hydroxylated prolines. However,
on the basis of amino acid analysis [11] and the fact that pro-
line is never hydroxylated when it follows lysine in a se-
quence, around 30–35 hydroxprolines are estimated in the
whole protein. We have deposited the sequence of an appar-
ent full length cDNA coding for an elicitor induced PRP pro-
tein in the databases (Accession No.: AM158278) which
shares the same repeat sequence of the partial clones from
French bean [28] and full length clones from other legumes
that have been deposited. This clone of 1500 bp has the cor-
rect N-terminus, a putative upstream leader sequence and the
correct repeat sequence (data not shown). However, the
translated sequence has an Mr of 27275.7, even without
accounting for proline hydroxylation, and therefore we can-
not ascribe any of our sequences we have obtained to the
puriﬁed PRP absolutely.3.3. Molecular cloning of a snakin analogue as the second
component
In order to obtain the cognate cDNA of the 6.8 kDa cys-
teine-rich component, two forwards degenerate primers were
designed from the N-terminus protein sequence obtained by
Edman sequencing. Using a nested-PCR technique this al-
lowed ampliﬁcation of a speciﬁc product from reverse-tran-
scribed RNAs by two rounds of PCR. As the expression
pattern of the mRNA coding for the 6.8 kDa polypeptide
was unknown a mix of RNA from various tissues, such as
leaves and 7 or 14 day old hypocotyls were used. We obtained
a partial cDNA (Accession No.: AM158277), missing the 5 0
UTR and the N-terminal leader sequence predicted from
similarity to Snakin-2 (Fig. 3). The cognate ampliﬁed cDNA
encoded a protein of 64 amino acids and contained 12 cyste-
ines, a feature shared and conserved within the potato snakin
proteins. The calculated molecular mass was of 6830 and the
pI was 9.08. The translated sequence of the cDNA obtained
had an identical N-terminus to that of the mature polypeptide
Fig. 2. Reduced RP-MS of the two-component chitin-binding protein from French bean. After solubilisation and reduction in 6 M guanidine, 1 M
DTT the two components were separated by reverse-phase chromatography with online electrospray-ionisation mass spectrometry. The total ion
chromatogram (TIC; upper panel) shows the regions corresponding to elution of the 6.8 kDa (A) and the 25 kDa (B) species. The mass spectrum of
the 6.8 kDa species (2nd panel; MS A) and the 25 kDa species (4th panel; MS B) and their respective zero-charge molecular mass proﬁles (3rd and 4th
panels) reveal molecular masses of 6846.3 and 25395.8 Da for the disulﬁde-reduced protein species. The increase in mass of the 6.8 kDa component
upon reduction is consistent with a content of 6 or 7 disulﬁde bonds in the native protein.
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the antimicrobial snakin-2 from potato [20,21], 79% identity
with a sequence within a Medicago BAC clone and 75% iden-
tity to the Arabidopsis sequence containing a gibberellin asso-
ciated element (GASA) in the gene [29]. The mature protein
from French bean is predicted to have 12 cysteines, conserved
in the sequences described above, as well as in the potato Sna-
kin-1. Two of these cysteines can be identiﬁed at the N-termi-
nus in the Edman sequence without derivatisation. In common
with other cysteine-rich proteins this could account for the chi-
tin-binding properties of the two-component protein complex.
Internal sequence was not obtained and this intractability of
the 6833 polypeptide to breakage upon MSMS can be attrib-
uted to disulﬁde constraint.
3.4. Expression of the bean PRP and the Cys-rich protein
transcripts
The mRNA expression pattern of PRPs and the snakin-
homologue was investigated by Northern blotting (Fig. 4).
Both mRNAs were detected in all types of tissue investigated,
developing leaves, 7 and 14 day old hypocotyls, untreated and
elicited cells. Cys-rich protein transcripts were more abundantin the older hypocotyls than for the younger hypocotyls or
leaves. This transcript amount was greater in cell cultures,
moreover the elicitation of the cells increased the expression
of the Cys-rich cognate RNA. The pattern of PRP expression
was very similar as it was much higher in cell cultures than in
planta, Younger hypocotyls and leaves were expressing the
PRP transcripts at a lower level than in older hypocotyls,
which show some coordinate expression of both type of tran-
scripts.4. Discussion
Plants have the ability to recognise chitin and b-glucans as
part of the defence response against pathogens [1]. Unlike
the glucans, there is yet no clear molecular identiﬁcation
of a chitin receptor involved in signal perception and trans-
duction, although binding sites have been reported [5,6,30].
The receptors for b-glucans however show a domain struc-
ture that is suggestive of the functional basis for speciﬁc






1 LQQIDCNGACGARCRLSSRPNLCKRACGTCCQRCNCVPPGTSGNQEMCPCYASLTTRGGKRKCP   64
2 YKKIDCGGACAARCRLSSRPRLCNRACGTCCARCNCVPPGTSGNTETCPCYASLTTHGNKRKCP  104
3 AKKIDCGSACVARCRLSRRPRLCHRACGTCCYRCNCVPPGTYGNYDKCQCYASLTTHGGRRKCP   98
       *   *   *        *   *  **  * *           * *            * 
Fig. 3. Comparison of the deduced 6.8 kDa component amino acid sequence and related proteins. Translated sequences are aligned for (1) mature
6.8 kDa cysteine-rich polypeptide from French bean aligned with the N-terminal amino acid sequence of the 6.8 kDa component (Accession No.:
AM158277), (2) Snakin 2 from potato (CAC44011/2, AJ312904), (3) Arabidopsis thaliana (At1g75750). The 12 conserved cysteines are marked with
an asterisk and are also highlighted by darker shaded boxes. Light-shaded boxes show sequence of complete identity.
Fig. 4. mRNA expression of proline-rich and snakin-like components.
(A) PRP; (B) Snakin like, Cys-rich protein; (C) ethidium bromide
staining of 10 lg RNA to show equality of loading. RNA was
extracted from (1) unelicted cultured cells, (2) cell cultures 4 h after
elicitation, (3) hypocotyls from 7 day old plants, (4) hypocotyls from
14 day old plants, and (5) leaves from 14 day old plants. Blots were
exposed for 3 days except A1 and A2 which were exposed 5 h.
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sibly be the basis of both chitin perception and transduction if it
functions as a two-component system. It has been shown to
bind to chitin-rich hyphal tips of the bean pathogen, C. lindem-
uthianum, both in culture [11] and in planta [12] and immunolo-
calised to papillae in bacterial infection sites [13]. Its subcellular
localisation in planta in the plasmalemma-wall interface of vas-
cular tissue and cortical intercellular spaces of stem tissue [11]
and plasmalemma-wall interfaces of mesophyll cells [13] would
also place it in an optimum position for pathogen recognition.
The present demonstration that the proline-rich component
co-puriﬁes with a French-bean snakin analogue, a cysteine-rich
polypeptide may be signiﬁcant in a putative role for chitin rec-
ognition in plants. Interacting partners are a feature of current
models for recognition of Avr molecules by R gene products
[31].
PRPs from legumes were among the earliest cell wall pro-
teins for which cDNAs were obtained [32,33]. Families within
each species can be quite large and show diﬀerential expression[34–36]. This expression has been associated with symbiotic
interactions in Medicago and PRPs have been classiﬁed as
ENOD proteins [35,36]. In French bean two PRPs with the
identical repeat sequence and one with the identical N-termi-
nus to the 25 kDa component have been shown to be induced
by drought stress and are associated with plasmalemma-wall
interactions [28,37]. The French bean PRP component of the
chitin-binding protein was shown to be located to plasma-
lemma-wall interface and intercellular spaces [11].
With respect to the second component, there is now a large
range of cysteine-rich low molecular weight antimicrobial
peptides now described in plants such as thionins with 6 or
8 cysteines, defensins, hevein-like and lipid transfer proteins
with 8 cysteines and the Bowman–Birk family of protease
inhibitors with 14 cysteines [3,4]. Within these, the snakins
with 12 cysteines are a recent addition [20,21]. Snakin-2 the
closest homologue to the 6.8 kDa component causes aggrega-
tion of both gram negative and positive bacteria and is upreg-
ulated after infection of tubers with Botrytis cinerea. StSN2
was considered to be a component of both constitutive and
inducible defence barriers. By analogy, one function of the
French bean 42 kDa protein could be that the 6.8 kDa com-
ponent binds and the 25 kDa component is then oxidatively
cross-linked to immobilise the pathogen within the growing
cell wall apposition [13]. Although the binding capacity of
the 42 kDa protein to pathogens has been demonstrated
[11,12], the relative abilities of the 6.8 and 25 kDa compo-
nents have not yet been evaluated. Further evidence for their
association comes from the co-expression of their mRNAs.
Both were highly expressed in tissue cultured cells, which in-
creased after elicitation. Expression in planta conﬁrmed pre-
vious immunolocalisation [11].
Potential two-component systems are of interest in pathogen
recognition systems in plants since, for example, some of the
repetitive leucine-rich receptor R-gene products are thought
to have second components which are the signalling agents,
the so-called guard hypothesis, as for instance with the
RPT2 receptor and RIN4 [31]. Essentially by binding to patho-
gens the French bean a priori does recognise pathogens but a
role as a receptor per se would require a downstream signalling
function which remains to be determined.References
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